Salmonella is a ubiquitous pathogen which, in addition to causing poultry diseases, has a growing zoonotic impact. It has demanded the implementation of diverse control strategies, in which vaccines play a major role. The understanding of the immune pathways elicited by the different vaccines is important, contributing for the establishment of strong immune correlates of protection, for instance. With the purpose of determining the dynamics of the humoral and cellular immune responses to vaccination, broiler breeders (Cobb Slow) were immunized with live or inactivated vaccines against Salmonella Enteritidis. Lymphocyte and macrophage subsets were analyzed in the peripheral blood by flow cytometry and antigen-specific circulating IgY and mucosal IgA were quantified. The markers analyzed by flow cytometry were CD8/CD28, CD4/TCRVβ1, Kul/ MHC II and Bu-1. Both live and inactivated vaccines induced an increase in the proportion of circulating monocytes (Kul + MHCII + ) in some time points compared to non-vaccinated controls. However, whereas the live vaccine leads to an increase in CD8 − CD28 + and Bu-1 + lymphocytescompared to the control group, the inactivated vaccine prompteda reduction in the percentage of severalleucocyte subsets (Kul − MHCII + , Bu-1 + , CD8 + CD28 + , CD8 − CD28 + , CD4 + TCRVβ1 − , CD4 + TCRVβ1 + , CD4 − TCRVβ1 + ) after the boost dose. Both vaccines induced specific serum IgY and mucosal IgA production; however, the inactivated vaccine stimulated higher titers in a shorter period. These results contribute to the understanding of mechanisms of action of live and inactivated Salmonella vaccines in chickens.
Introduction
Salmonella spp. remains as one of the main causes of alimentary infection in humans. Poultry meat and eggs are constantly linked to clinical cases. The success of control strategies for salmonellosis in chickens is associated with several factors, among which is the control of bacterial contamination at its sources [1] . The reduction of novel infections in positive flocks is an important part of control programs for Salmonella, to which immunization has a relevant role [1] .
Among the most relevant serovars is S. Enteritidis, with its prevalence reaching more than 1% (up to 8%) of breeding flocks in several European countries [1] . In Brazil, at the point of sale, up to 30% of food products destined to human consumption can be contaminated with Salmonella spp., with high antibiotic resistance [2] - [4] . The growing presence of antibiotic resistant Salmonella in outbreaks aggravates the public health concern [5] . The majority of human cases in Brazilare caused by S. Enteritidis [6] .
The immunization of parent flocks with live and inactivated vaccines is a common practice inanimal biosecurity control programs of S. Enteritidis and S. Typhimurium, aiming to reduce the excretion and the contamination of the carcass and eggs [7] . Both the live and inactivated vaccine types discussed in this work have been shown to be effective in inducing protection and inreducing organ colonization after challenge. However, previous studies have not yet explored the immune mechanisms through which these vaccines exert their effects [8] - [11] . Indeed, the immune mechanisms involved in the protection against Salmonella in poultryare not well known [12] [13] .
This study had the objective of testing the immune effects of live and inactivated vaccines against Salmonella in broiler breeders. Several cellular subsets and antibody titers were analyzed serially in the peripheral blood and mucosae with the intent of clarifying the immune responses underlying the protection conferred by vaccination.
Materials and Methods

Animals and Experimental Design
One hundred and fifty birds of the Cobb broiler breeder lineage were divided equally and randomly into 3 groups. The "negative control" group did not receive any treatment throughout the experiment. The "live vaccine" group received three doses of said compound on days 1, 42 and 112 of age. The "inactivated vaccine" group was inoculated on days 84 and 126 of age. The experimental protocol is illustrated in Figure 1 .
Procedures with animals followed ethical standards and were approved by the Bioethics Committee from Universidade Positivo, protocol 142/2013.
The inactivated vaccine (AviPro ® 109 SE4, Lohmann Animal Health) was injected subcutaneously (0.25 ml/bird), in the dorsal region of the neck, using disposable needles. The vaccine was used according to the manufacturer's instructions. AviPro ® 109 SE4 contains Salmonella Enteritidis of the phagotypes 8, 24, 14B e 23 in oil emulsion. The live vaccine (AviPro ® Salmonella VAC E, Lohmann Animal Health) is composed of Salmonella Enteritidis (Sm24/Rif12/Ssq), which is a mutant strain derived from metabolic alterations (Metabolic Drift Mutants) (EFSA, 2004) . The first dose was administered via large particle aspersion; the second and third doses were administered via drinking water.
Microbiological Analyses
Presence of live Salmonella was assessed in the environment and in birds throughout the experiment. Previous to housing, presence of Salmonella was verified on the surfaces of the cages, in the water and on the air filters. In the birds, swabs of cloaca were analyzed for Salmonella on day 1 and at 6, 12 and 16 weeks of age. Microbiological isolation and bacterial analyses were made by Laboratório Porto Belo (Porto Alegre, Brazil). 
Assessment of Immune Parameters-Cellular Immune Response Analysis by Flow Cytometry
Blood collection for flow cytometry immunophenotyping was performed by wing vein puncture with heparinized syringe. For the live vaccine, blood collections were made before the first vaccine dose, then 3, 7, 14 and 21 days after the first dose, 3 and 14 days after the second dose and 3 days after the third dose. After immunization with the inactivated vaccine, samples were collected on day 1, and then 3, 7, 14 and 21 days after both doses (Figure 1) . The same animals were studied throughout the experiment, allowing a continuous analysis of the fluctuation of immune parameters. Flow cytometry was performed as previously described [14] . Briefly, mononuclear cells from peripheral blood were separated by Histopaque-1077 (Sigma). The resulting buffy coat was fixed in paraformaldehyde, blocked with 1% bovine serum albumin in phosphate buffered saline (PBS) and 10 6 cells/test were stained with the primary antibodies. Antibodies were used at 0.5mg/ml (FITC conjugated antibodies) or 0.1 mg/ml (PE and PerCP-Cy 5.5 conjugated antibodies). Cells were gated on the CD45 + region and analyzed for their expression of CD4/TCRVβ1; CD8/CD28; Kul [macrophage marker]/MHCII; Bu1 [B lymphocyte marker]. All primary antibodies were from Southern Biotechnology. All samples were analyzed within two hours of staining. Flow cytometry was performed on a FACSCalibur (Becton Dickinson). At least 10 4 events in the lymphocyte quadrant were acquired (based on forward and side scatter characteristics). Data was analyzed on FlowJo (TreeStar).
Assessment of Immune Parameters-IgY and IgA Quantification by ELISA
For the detection of local secretory IgA, ten animals per treatment were analyzed. 200 µl of intestinal content was aspirated from the cloaca of each bird using a nasogastric probe (n˚ 10). The sample was homogenized with 0.5 ml of PBS and 0.02% sodium azide. The suspension was centrifuged at 7000 × g, the supernatant was collected and stored at −18˚C until analysis. Quantification of intestinal antigen-specific IgA was carried out by antibody capture ELISA (enzyme-linked immunosorbent assay) [15] . 96-well plates were sensitized with 50 µl of lipopolysaccharide (LPS) extracted from the vaccine strain (AviPro ® Salmonella VAC E). The plate was blocked with 1% casein in PBS. The extract from intestinal contents was added (100 µl/well) and incubated for 2 h at 37˚C. The plate was washed five times with TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH7.4). The anti-IgA HRP conjugated secondary antibody (AbD Serotec) was added for 1 h at 37˚C. Plates were washed again and the reaction was developed using 3,3′,5,5′-tetramethylbenzidine (TMB) (Sigma) in citrate buffer (0.1 mg/ml of TMB in 100 mM sodium citrate, 100 mM monobasic sodium phosphate, 0.0006% (m/v) of hydrogen peroxide, pH 5.2). The reaction was stopped with 2 M sulphuric acid and absorbance was read at 450 nm in a (Figure 1 ). For the detection of serum IgY, blood collection was performed by wing vein puncture. Serum was separated and kept at −18˚C until analysis in sterile tubes. Twenty three birds per treatment were sampled. From live vaccine-treated animals and its control group, samples were collected on days 21, 63 and 147 of age. From the inactivated vaccine group, samples were collected on days 105 and 147 (Figure 1) . Salmonella specific antibodies were measured in the serum using a commercial ELISA kit for group D Salmonella LPS (BioCheck). The kit was used according to the manufacturer's instructions. The threshold for positivity was ≥654.
Statistical Analysis
Treatments were compared by a two-way Analysis of Variance (ANOVA) with Bonferroni post-hoc test (P < 0.05). Analyses and graphs were made using GraphPad Prism Software (GraphPad Software, Inc.).
Results
Microbiological Analyses
No Salmonella was isolated from cages, water, air filter or from the cloaca of birds throughout the experiment. This is in accordance with a previous study, which did not detect the mutant drift variant bacteria after immunization with the live vaccine [8] .
Peripheral Blood Immune Cells
In chickens immunized with the live vaccine, proportions of monocytes (Kul + were reduced at different time points compared to the control group following vaccination, always in the two collection points following vaccine boost (days 129 and 133) (Figure 3). 
Serum IgY
Anti-Salmonella-specific serum IgYtiterswere increased after immunization and are shown in 
Local Secretory IgA
Anti-Salmonella-specific fecal IgA titers were also increased after immunization and are shown in Table 2 (a) and Table 2 
Discussion
Live Vaccine
Immunization with the live Salmonella vaccine did not cause environmental shedding of the bacteria, probably due to low persistence of the mutant drift variants outside the host. The immunization led to an increase in the percentage of circulating monocytes (Kul + MHCII + ) 6 days after the first dose (day 7) and 4 days after the third inoculation (day 116) in comparison to the control (Figure 2) . B lymphocytes were also increased relative to the control group on day 116, whereas CD8 − CD28 + cells showed increased proportions on day 3, only 2 days after immunization.
After a Salmonella infection, there is a rapid influx of macrophages into the intestinal lamina propria and these phagocytes can be found until 6 days post-infection in large amounts [16] . The immune response against S. Typhimurium, for example, relieslargely on macrophages in hatchlings [17] , which seems to corroborate our find- ings. The detection of the pathogen in the intestine by pattern recognition receptors, many of which are expressed abundantly in macrophages, is crucial for the initiation of the immune response against Salmonella and the subsequent activation of the cells of the adaptive immune system [18] .
Tissue demand for B-lymphocytes is also increased following Salmonella challenge [16] . There is an increased proliferation of B-lymphocytes 21 days after contact with the antigen [19] , which may explain the increased levels of this cell population after immunization with the live vaccine. CD28 + T cells are T lymphocytes that have not yet undergone terminal differentiation, being still capable of replication in response to stimulus. This subset of cells includes activated lymphocytes, naïve and memory cells [20] - [22] . In our work, the percentage of CD8 − CD28 + T cells shifted very rapidly after immunization with the live vaccine, indicating that there was an increased proliferative response subsequently to vaccination. Indeed, CD8 + and CD4 + T cells are known to proliferate after mucosal immunization with Salmonella in humans, being also capable of increasing IFN-γ production [23] . Corroborating our results, a previous work also could not find differences on TCRVβ1 + cells in the peripheral blood after immunization with an oral live vaccine [24] . An increase in the circulating Salmonella-specific IgY could be observed even after the first dose of the live vaccine (Table 1(a) ), even though the threshold of positivity (titer > 654) was not crossed at that initial point. The titer was further increased with subsequent administrations. Oral immunization with live Salmonella is known to enhance serum IgG levels, in support of our results [23] , whereas the use of an inactivated vaccine orally failed to affect serum IgY [25] . The mutant Salmonella variant used for live vaccination shows limited persistence and tissue invasion capacities (Gantois et al. 2006) , supporting the possibility that astrain that is restricted to the mucosa is capable of serum IgY production.
The live vaccine was also able to induce higher levels of intraluminal IgA antibodies in relation to control (Table 2(a) ), crossing the positivity threshold (0.274) on day 56. The importance of antibodies in Salmonella clearance is controversial, but it is known that bacterial challenge induces IgA in serum and that high antibody responses are associated with lower numbers of S. Typhimurium in the gut lumen [26] . Therefore, the presence of IgA in the lumen after mucosal immunization reinforces the importance of this antibody isotype for protection against Salmonella.
In summary, the mechanism of action of the live vaccine may rely on the production of antibodies, both systemically and secreted at mucosal sites. Cellular immune responses, especially those dependent on monocytes/ macrophages, are likely to be important for protection, especially at early time points after infection. Efficacy of vaccination was not assessed, but these data may assist in the understanding of the known differences between live and inactivated vaccines in conferring protection [27] .
Innactivated Vaccine
The cellular responses following immunization with the inactivated vaccine are considerably different from those seen after the live vaccine administration. Kul + cells constituted up to 30% of all blood leucocytes following the second dose administration, which may be due also to the reduction in the percentage of almost all other leucocytes.
There was a concurrent decrease in the percentage of several immune cells after the second inactivated vaccine dose. Another group suggested that the reduced percentage of CD4 + and CD8 + cells in the peripheral blood following bacterin immunization and Salmonella challenge was due to reduced activation of cellular immunity because infection had been limited by vaccination [28] . It is possible that a different mechanism was involved in the paper cited, since similar results were observed in the present work without bacterial challenge.
Cellular trafficking between secondary immune organs, the injection site and blood/lymph vessels may explain some of the findings of the bacterin immunization. Following a Salmonella challenge, CD8 + CD28 + and [31] . Subcutaneous bacterin immunization is not commonly a strong stimulus for mucosal IgA production [32] . Following mucosal immunization, only with the concomitant use of liposomes was an inactivated vaccine capable of inducing luminal IgA [25] . In opposition to these findings in the literature, subcutaneous immunization with bacterin rapidly induced local secretory IgA in the present work, even before the second immunization (Table 2(b) ). Serum IgY was also increased after both vaccination doses (Table 1(b) ), indicating that, although there was a decrease in the percentage of circulating B-lymphocytes, this probably was followed by an enrichment of this cell population in the spleen-which is necessary for strong antibody production-favoring the theory that the cells from the blood were directed to lymphoid sites. The present study confirms results from the literature for IgY production after bacterin immunization, which was correlated elsewhere to lower Salmonella colonization of organs [11] .
In summary, bacterin immunization induced an evident reduction in the relative number of several circulating leucocytes, notably with the exception of macrophages, which was also increased following live vaccine immunization. Although these immune cells were reduced in the peripheral blood, they were likely to be involved with protection after being directed to lymphoid and injection sites. Humoral immune responses are likely to be relevant to the protection conferred by the inactivated vaccine, as it was also able to induce high mucosal IgA and seric IgY levels.
The analysis of the fluctuation of immune parameters in the same animals through a long experimental period contributes to the comprehension of how protection is developed within one individual and which cellular/ humoral subsets are relevant for protection.
